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The C. elegans male sex-determining protein, FEM-1, has been identified as a substrate recognition
subunit of a Cullin-2 ubiquitin ligase complex. This complex controls the level of TRA-1A, a Ci/Gli
homolog and master regulator of sex determination, by ubiquitin-mediated proteolysis.Sex determination is a fundamental
biological process involving a decep-
tively simple binary fate decision.
Studies over the last several decades
have revealed that diversity rules
when it comes to elucidating the mo-
lecular mechanisms underlying this
universal process.
In the nematode C. elegans, a chro-
mosomal counting mechanism gener-
ates the primary sex determining sig-
nal, the X:A ratio; XO animals develop
as males and XX animals as hermaph-
rodites (Figure 1) (Zarkower, 2005).
Downstreamgenesparticipate in a sig-
nal transduction pathway with simi-
larity to the Hedgehog (Hh) signaling
pathway (Kuwabara et al., 2000). Sig-
nificantly, the master regulator of sex
determination is the zinc finger tran-
scription factor, TRA-1 (Transformer-
1), which is the only C. elegans ortho-
log of Drosophila Ci and human Gli
proteins—terminal regulators of Hh
signaling. Genetic arguments posit
that TRA-1 promotes female or re-
presses male somatic development;
however, only repressive roles for
TRA-1 have been identified so far.
The primary mode of tra-1 regulation
is posttranscriptional (Zarkower and
Hodgkin, 1992). The tra-1 locus ex-6 Developmental Cell 13, July 2007 ª200presses two isoforms: TRA-1A (Mr =
135 kDa) and TRA-1B (Mr = 37 kDa),
but only TRA-1A binds DNA (Schvarz-
stein and Spence, 2006; Zarkower
and Hodgkin, 1993). Like Drosophila Ci
(Jiang, 2002), proteolytic cleavage of
TRA-1A generates a range of C-termi-
nally truncated phosphoisoforms
(Mr = 90–110 kDa), which accumulate
only in feminized animals (Schvarz-
stein and Spence, 2006). In XO males,
the fem genes prevent the accumula-
tion of TRA-1A phosphoisoforms;
however, the domain architecture of
the FEM proteins has provided scant
clues to explain how this is achieved.
FEM-3 is a novel protein, FEM-1 car-
ries an ankyrin domain, and FEM-2 is
aphosphatase in searchof a substrate.
Importantly, inactivation of a single
fem gene is sufficient to feminize XO
animals inappropriately. So, just how
do the fem genes negatively regulate
tra-1?
In this issue of Developmental Cell,
Starostina and colleagues establish
that a Cullin-2 (CUL-2) ubiquitin ligase
complex is the missing player in this
long-standing puzzle (Starostina
et al., 2007). In the multisubunit CBC
(for CUL2, Elongin B, Elongin C) (E3)
ubiquitin ligase complex, CUL-2 asso-7 Elsevier Inc.ciates with an Rbx1/Roc1 RING finger
protein at its C terminus and an Elongin
C adaptor at its N terminus. Elongin C
is also associated with Elongin B and
to a variable substrate recognition
subunit (SRS) (Kipreos, 2005). With
regard to sex determination, light
dawned when FEM-1 was uncovered
during a proteomic screen for CUL-2
interacting partners. Inspection of the
FEM-1 sequence revealed the pres-
ence of a VHL box, a domain mediat-
ing binding between the SRS and
Elongin C. Subsequently, a VHL-box-
dependent physical interaction be-
tween FEM-1 and Elongin C was
shown. Consistent with its proposed
role in reducing TRA-1 activity, a re-
duction in cul-2 activity produced par-
tially feminized XO intersexes and
suppressed the weak masculinization
phenotypes of XX tra-1 hypomorphs.
The complete elimination of cul-2
is lethal, which may explain why cul-2
was not found in genetic screens for
sexual transformation mutants. Once
it was established that FEM-1 could
function as an SRS subunit, it was
short work to demonstrate that
TRA-1A was the primary substrate tar-
geted for proteasomal degradation by
the CBCFEM-1 complex. Thus, cul-2
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PreviewsFigure 1. Somatic Sex Determination Pathway
For a review, see Zarkower, 2005. XO animals are males and XX animals are self-fertile hermaphrodites with an essentially female soma. The X:A ratio
(number of X chromosomes to sets of autosomes) coordinates sexual cell fate and dosage compensation. Upstream genes participate in both pro-
cesses; downstream genes, including her-1 and terminating with tra-1, participate in a signal transduction cascade dedicated to sex determination.
Male promoting genes are colored blue and female genes are red. (Right Panel) her-1 is differentially expressed between the sexes and encodes
a secreted protein, which represses the transmembrane receptor protein, TRA-2A. In turn (Starostina et al., 2007), the FEM-1, 2 and 3 proteins
form a CBC complex with CUL-2 and target the zinc finger transcription factor TRA-1A for degradation. (Left Panel) In XX hermaphrodites, HER-1 is
absent and an intracellular C-terminal domain of TRA-2A, TRA-2ic, binds and possibly sequesters FEM-3. In turn, TRA-1A is cleaved and C-terminally
truncated phosphoisoforms are generated, which are resistant to proteasomal degradation. These isoforms promote female development by
repressing male gene expression. TRA-3 and SEL-10 are nonessential proteolytic modulators of the pathway.can now be positioned with the fem
genes as upstream negative regula-
tors of tra-1 in sex determination (Fig-
ure 1). However, the role of cul-2 is
not limited to sex determination (Ki-
preos, 2005).
To flesh out the functions of the FEM
proteins, Starostina et al. (2007)
showed that cotransfection of TRA-1A and FEM-1 in tissue culture was
sufficient to drive TRA-1A degrada-
tion. Inhibition of the proteasome
prevented TRA-1A degradation, and
made it feasible to capture a physical
interaction between full-length TRA-
1A and FEM-1 and also between
TRA-1A and human CUL2. FEM-2
and FEM-3 were also shown to beDevelopmentasubunits of the CBCFEM-1 complex,
and they appear to act by enhancing
the FEM-1-dependent ubiquitylation
and degradation of TRA-1A.
Taken together, the results of Star-
ostina et al. (2007) support a model
whereby TRA-1A activity is regulated
in XO males by degradation and in
XX hermaphrodites by processing tol Cell 13, July 2007 ª2007 Elsevier Inc. 7
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which are resistant to further degrada-
tion despite their ability to associate
with the CBCFEM-1 (Figure 1). Addi-
tional studies suggest that full-length
TRA-1A, and not the cleaved isoform,
is the preferred substrate for degrada-
tion. Proteasomal inhibition prevents
both the degradation and cleavage of
TRA-1A, so distinct E3 complexes
might control these events. An impor-
tant feature of this model is that
the cleaved phosphoisoforms can
fully feminize and that they predomi-
nate over full-length TRA-1A (Schvarz-
stein and Spence, 2006). Thus, trun-
cated TRA-1A is likely to be the
activity that represses male gene ex-
pression in XX hermaphrodites. InDro-
sophila, Ci155 is similarly processed to
form a transcriptional repressor Ci75.
However, full-length Ci155 also has
positive roles in transcription (Jiang,
2002).
Taking a step back, we can ask how
FEM protein activity is controlled to
allow TRA-1A to accumulate in XX
hermaphrodites. FEM-3 repression is
likely to be crucial, because overex-
pression of FEM-3, but not FEM-1 or
FEM-2, is sufficient to drive inappro-
priate XX masculinization (Lum et al.,
2000). FEM-3 appears to be subject8 Developmental Cell 13, July 2007 ª200to two forms of somatic control. First,
FEM-3 could be sequestered by its in-
teraction with an intracellular C-termi-
nal domain of the membrane protein
TRA-2A (Lum et al., 2000). Second,
FEM-1 and FEM-3 are potential sub-
strates for degradation by the protea-
some mediated through the action of
F-box protein SEL-10 (Jager et al.,
2004).
A significant gap in our under-
standing of sex determination has
now been filled with the knowledge
that all three FEM proteins are
interacting subunits of a CBCFEM-1
complex targeting TRA-1A for degra-
dation. A human FEM-1B CBC com-
plex has also been detected, but its
function has not been investigated.
Future studies will be needed to re-
fine the details of the model, such
as, how phosphorylation might mod-
ulate the ability of TRA-1A to partici-
pate as a substrate for cleavage or
degradation. Pertinent to this point,
it remains unanswered how mutant
TRA-1A proteins, which carry domi-
nant feminizing missense changes in
a short gain-of-function (GF) domain
that overlaps with a GSK3 phosphor-
ylation motif, evade degradation (de
Bono et al., 1995), or why truncated
TRA-1A is rendered resistant to fur-7 Elsevier Inc.ther degradation. For now, this study
should be recognized as a major ad-
vance in our understanding of a well-
studied pathway.
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